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Toothedattachmentsto a full-staleturbojetnozzlewereinvesti-
gatedforpossiblejet-noisereductionandthrustpenalty.Theattach-
mentscausedslightreductionsintotalsound.powerthatareinsignifi-“
cantwhenevaluatedintermsof enginethrustlossesandaircraft
payloadpenslty.At thereducedthrustlevelsobtainedwiththetoothed
nozzles,correspondingsoundpowerreductionscouldbe realizedby tbrot-
t~ng thestandardturbojeten@ne.

Soundpressurelevelswerereducedbehindtheenginebutwerein-
creasedelsewhere.A typicalresidentintheairportneighborhoodwould
hearincreasedloudnessinthemiddlefrequencies;however,theresult-
ingover-allauditoryeffectisconsideredtobe negligible.

INTRODUCTION

Thegenerationof jetnoisehasbeen,inpart,attributedtoturbu-
lentmixingintheintensevelocimgradient=tthejetboundary.It
wassuggestedthatthickeningofthemixingzonebetweenthejetandthe
surroundingatmospherewouldreduceshearandpossiblyreducenoise.
OneproposalforthethickeningofthemixLngzoneinvolvedtheuseof
serrationsorteethattachedto thelipofthejetnozzle.

Testswithsmallsirjetsincorporatingnozzleteethwereconducted
inEnglandandarereportedinreference1. Thesetestsindicatedthat
theteethcauseda moderatereductiminmaxhumsoundpressurelevelat
subsonicpressureratiosandlargerreductionsat chokedpressureratios.
Somepreliminaryfall-scaleresearchisreportedinreferences2 and3.
Duringthetestsofreference2,theenginewasmountedunderthewing
andadjacenttothetailboomofa cargoairplane.

Forthetestsreportedherein,theenginewasremovedfrcmtheair-
planeandinstalledina free-fieldthruststandwithno sound.reflecting
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2 NACATN 3516

surfacenearthejet. Reference2 presentsonlysoundpressurelevels;
this~per alsopresentsspectrum,totalsoundpower,andthrustdata.
Thepresentreportsummarizestheperformanceofthetoothedinsertsas
a jet-noise-suppressiondevice.

APPARATUSANDPROCEDURE

Theengineusedinthesetestswasanaxial-flowturbojetengine
witha sea-levelratedthrustof5000pounds.Thenozzlepressureratio
wassuchthatthenozzlewasnesrl.ychokedunderstaticconditionsat
standardinlettemperature.Thetestssimulatethenoisegenerateddur-
ingtake-offandclimbingflightspeeds.Fromthestandpointof a ground
observer,thesearetheflightconditionsof ac’ousticconcern.Thetests
weremadewithtwonozzlemodifications:a 6-anda 12-toothedattach-
ment.Figure1 showsthethrust-standinstallationwiththe12-toothed
nozzleattachedtothetailpipe. Toothed-nozzledesigndetailsare
giveninreference2.

Inordertomaintainratedturbinevoutlettemperatureatrateden-
ginespeed,itwasnecessarytoincreasetail-pipeareawhentheteeth
attachmentswereinstalled. .-

E@ne instrumentationwasroutedtoa controlroomlocated100
feetfromthethruststandatanazimuthangleof 240°.Figure2 shows
theorientationoftheengine,controlroom,andsoundsurveystations.
Enginethrust,fuelflow,massflow,andturbine-outlettemperature
wererecordedinorderto correlateengineperformancewithnoise
production.

Measurementsof soundpressurelevelsweremadeat15°intervals
ina 270°sectoraroundtheengine.No soundpressuremeasurements
weretakeninthequadrantwherethecontrolroomwaslocated.For
purposesoftotal-sound-powercalculation,thesoundpressuresin the
twoforward90°quadrantswereassumedtobe symmetrical.Thesound
pressurelevelswereobservedona GeneralRadioCompanyType1551-A
Sound-LevelMeterlocated200feetfrmnthejetnozzle.Thefrequency
distributionof soundpressurewasmeasuredat stations30°,90°,and
180°frm thejetaxisata distanceof 2(Mfeetfromthenozzle.me
frequencydataweretakenwitha BriielandKjaerAudioltrequencyRe-
corderType2311.Thefrequencyrangeforthisinstrumentisfran35
to 18,000cpsandis dividedinto27one-thirdoctavebsnds.Thespec-
trumrecorderwastransportedinan acousticallyinstitedpaneltruck.
Priorto eachruntheGeneralRadioCoqmnyandtheBiiielamdKjaer
meter-microphonecircuitswerecalibratedwitha GeneralRadioCompany
Type1552-ASound-Level@libratorandTy_pe1307-ATransistorOscillator.

Thedecibelunitisusedhereinto representsoundpressurelevel,
spectrumlevel,andtotalpowerlevel.Completedefinitionsandformulas
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fortheseacoustictermsexepresentedinreference4. Soundpress~e
level,basedona referenceof0.0002dynepersqusrecentimeter,is
indicatedbythesound-levelmeterwhichrespondssimultaneouslyto all
frequenciesfrom20to 10,000cps. Spectrumlevelisthesoundpres-
surelevelina finitebandwidth(one-thirdoctave)correctedto a unit
frequency.Totalpowerlevelinvolvesa hemisphericalintegrationof
soundpressureandrepresentsallthesoundpowerissuingfroma sound
source.Powerlevelisbasedona referenceof10-13watt. Thefollow-
ingspecificexamplewillin&Lcatetherelativemagnitudesofthesedeci-
belterms.A turbojetenginewith5000-poundthrust,whichproduceda
maximumsoundpressureof122decibelsat 200feetfrm thenozzle,
createda ~ single-frequency-spectrumlevelof100decibelsat
200feetanda correspondingtotalpowerlevelof168.3decibels.A
powerlevelof168.3decibelsis equivalentto 6.76kilowatts. .

RESUITSANDDISCUSSION

SoundPressureMeasurements

Thesoundpressurelevelatrateden@ne speedforthestandard
nozzleandthe6-and12-toothednozzleinsertsispresentedinfigure
3. KU_thesoundpressuredatareportedhereinwereobtainedata dis-
tamceof200feetfromthenozzle.The6-toothedconfigurationcaused
a 6-decibelreductioninmaximumsoundpressurelevel,Whereasthe12-
toothedconfigurationcauseda 3-decibelreduction.However,the6-
toothednozzleproducedgreatersoundpressuresforwardandabeamof
theengine;the12-toothednozzleproducedslightlyhighersoundlevels
abeamoftheengine.

No directjet-velocityorthrustmeasurementsweretakenduringthe
testsreportedin reference2. However,itwasnecessq tousean
oversizeexitarea,andconsequentlytheenginepressureratioandjet
velocitywerelowerthanthenormalratedvalues.

Becausethejetvelocitywaslow,thesoundpressurelevelsobtained
forthestandardengineinreference2 weresomewhatlowerthanthose
presentedherein.Whentheenginewastransferredtothethruststand,
moreuniformfueldistribution,an improvedinletcowllng,anda tail
pipewereprovided;thecombinationcausedincreasesinjetvelocity
andsoundpressurelevels.

Thespectrum
thirdoctaveband

I&equencySpectrum

=alJ=erwasusedtoobtainsoundpressuresin one-
widthsatthreeazimuthlocatims.Thecorresponding

.
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soundsyectrumlevelsareshowninfigure4 forthe30°,90°,and180°
stations. At anazimuthangleof30°thetoothednozzles,in general,
producedlowerspectrumlevelsthanthestandardengine.At thehigher
spectrumlevels,whichcorrespondto frequenciesfrom40 to200cps,the
6-toothednozzleshowsthegreaterattenuation.Inordertodetermine
thesignificantnoisefrequenciesatthe200-footradius,cumulative
soundintensityis showninfigure5. Thecumulativesoundintensityat
a givenfrequencyisdefinedasthesumofallthespectrumlevelsbelow
thegivenfrequency.Theordinateinfigure5 isthedimensionless in4
ratioofcumulativeintensi~to totalintensity.At the30°azimuth am
(fig.5(a)),75percentofthesoundintensityoccursatfrequencies
below200cpsforthe6-tootheddeviceandbelow135cpsforthe12-
toothednozzle.Theremaang 25percentrepresentsonly1 decibel.
E@ure 4(a},withthesignificantfrequenciesconsideredtobe below
200and135cps,respectively,indicatesthatthe6-toothednozzlepro-
ducesspectrumlevelsapproMmately5 decibelsbelowthoseofthestand-
ardnozzlewhilethereductionwiththe12-toothednozzleis somewhat
less.

At the90°azimuth,figure5(b)showsthatallspectrumlevelscor-
respondingtofrequenciesbelow1000cpsforthe6-toothednozzleand
2000cysforthe12-toothednozzlemustbe considered;Thecorrespond-
ingspectrum-levelplot(fig.4(b))showsthatat frequencieslessthan

.

2000cpsthetoothednozzles,ingeneral,producedhigherspectrumlevels
thanthestandardnozzle.

At the180°azimuth(fig.5(c)),thesignificantspectrumlevels
occuratfrequenciesbelow1000cpsforthe6-toothednozzleand4CQ
cpsforthe12-toothednozzle.Thecorrespondingspectrumlevels(fig.
4(c))indicatethatthestandardand12-toothednozzleaverageoutat
aboutequallevels,butthe6-toothednozzleshowshigherspectrum
levelsovernearlytheentirerangeof criticalfrequencies.

An inspectionofthesoundspectrumlevelsshowsthatthesound
levelsatanazimuthangleof30°arereducedby theadditionofteeth
inserts,butthatthesoundis,ingeneral,increasedabeamandahead
oftheengine.Thisresultagreeswiththeover-sUsound-pressure-
levelvariationinfigure3.

Total

Thefollowingtable
andthrustvariationfor

SoundPowerandEngineThrust

Hsts themeasuredtotal-sound-powerlevels
thetoothed-nozzleconfigurations.
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Nozzle TotalsoundThrustloss,
configurationpower,db percent

Standard 168.3 0
6-Toothed 166.7 2.5
12-Toothed 166.0 6.0

At rateden@ne speedandratedturbine-outlettemperature,the6-and

12-toothednozzlescaused-t lossesofapproximately~ and6 per-

cent,respectively.Theselossesrepresent2* and6-percentincreases

in specificfuelconsumption.If a jet”transportcruisingat 500miles
perhourona 30CM)-milefl@t is considered,increasesinfuelloadof

2+or6 percentcouldreducepayloadby8 or18percent,respectively.

Figure6 presentstotalsoundpowerlevelsforthetoothednozzles
aswellas severalfsmi~arengineandafterburnersoundpowerlevels
whichareshownforcomparisonpurposes.Allthesoundpowerdatafor
thevarioustail-pipeconfigurationswereobtainedwiththesameengine.
Soundpowerispresentedintermsofbothwattsanddecibels.Theab-
scissaoffigure6 istheL@hthXllparameter

where

PO smbient-air

A nozzle--t

density

area

v jet velocity

a. ambientacousticvelocity

Thetheoreticalworkofr~erence5 indicatesthatforsubsonicpressure
ratiostietotalsoundpowershouldbe proportional.to thisparameter.
Withtheexceptionoftheafterburner,effectiveJetvelocityforusein
thecalculationoftheLighthil.1parameter.wasdeteminedfromengine
thrustandmass-flowmeasurements.Thetoothed-nozzleandafterburner
datawereobtainedatratedengines~eedandexhausttemperature.After-
burnersoundpowerlevelwasdeterminedfromthedatainreference‘6.

———___ ____ _ . ..——— ..——— .
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Transitionfrcmratedengineoperationto~-thrust after-
burneroperationresultedina 9-decibelincreasefromapproximately
168to 177decibels.Throttlingfromratedenginespeedto 80percent
ofratedspeedresultedin ann-decibeldecrease.In contrastwith
thesesignificantsoundpowervariations,thetoothednozzlescaused
lessthan2.5-decibelssoundpowerattenuation.

Thecurve,whichhasa slopeof9 decibelsperdecade,wasdra~m
throughthestamkrd-engineandafterburnerdata.Becausethetoothed-
nozzledatafallwithin1 decibelofthecurve,itisapparentthat
equivalentthrustandsound-powerreductionswouldbe reaMzedsimply
by throttlingtheengine.However,atthesamethrustandnoiselevels
thethrottledenginewouldexhibitlowerfuelconsumptionthanthe
toothedconfiguration.

AuditoryEffects

Onlythe6-toothednozzleis consideredinthefollowingdiscus-
sion,sinceiteKhibitshighertiust thanthe1-2-toothednozzle.The
auditoryeffectofthetoothed-nozzleinstallationwilldependonthe
relativepositionoftheengineandobserver.Clealy,iftheobserver
werestationed200feetframtheengineonthe30Qazimuth,thetoothed
nozzlewouldbe 8 decibelsquieterthanthestandardnozzle.Conversely,
anobserverstationedaheadorabeamoftheen@newouldhearhigher

noiselevels.Sincethetotalsoundpowerlevelwasreducedonlyl+
decibelswhenthe6-toothednozzlewasins+~ed, onemightexpectthe
integratednetacousticeffecttobe insignificant.As showninrefer-
ence2,a theoreticalanalysisindicates=u an aircraftpassingover
theobserverat 200feetwouldcreatethesamemaximumsoundpressure
levelwitheitherthetoothed-nozzleor standsrdconfiguration.

H a typical.residentin anairportneighborhoodwhoislocated
3/4-mileslantdistancefrcmthetake-offflightpathis considered,
theresultantspectrumlevelstillbe thoseshowninfigure7. The
spectrumlevelswereccmputedfrm thedataobti~edat 200feetby as-
sund.nganinversesquarerelationbetweensomd levelanddistice.The

distancetothefixedobserveris,of course)ticreasedto ~-~mileswhen
theobserveris mibjectedtonoisefromthe30°jetazimuth.

Contoursof equalloudnesslevel(ref.7) we al-sosholminfig-
ure7. At a loudnesslevelof 100phons,thefrequencyresponsecfthe
earisnearlyflat;however,atthelowerlevelstheearismoresensi-
tivetothemidfrequencies.Thefigureshowsthatthetoothednozzle,
whichincreasesthenoiseatthemidfrequencies,producesmsximumloud-
nesslevelsatan azhuth@e of 90°thatareashighasthoseofthe
standsrdnozzleat 30°.

.-
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At a distanceof 3/4miletheremaybe greateratmosphericattenu-
ationofthehigh-frequencynoise;however,thehighloudnesslevels
occuratfrequenciesbelow
negligible.

1600CPSwhereatmosphericattenuationis

CONCLUDINGREMARKS

ThetoothedattachmentscausedsJightreductionsintotalsound
powerwhichbecameinsignificantwhenevaluatedintermsofengine
thrustlossesandtircrsftpayloadpenalty.Equivalentsoundpowerre-
ductio~andcorrespon~~ thrusts couldbeobtainedby throttlingthe
standardturbojetengine.Thethrottledtuxbojetwoulddemonstrate
lowerspecif?.cfuelconsumptionthanthetoothedconfiguration.

Thenozzleattachmentsreducedthemadnumsoundpressurelevel,
whichoccurredintherearsector,butincreasedthelevelsin other
sectors.

.
Thelow-frequencycmponentsofjetnoisearethemostbothersome

toaircraftgroundcrews; however,residentsintheairportneighborhood
-, srealsoannoyedby themiddlefrequencies.Sincethetoothednozzle

increasesthenoiseatthemiddlefrequencies,installationofthis
devicewouldnotbe expectedtoreducepublicobjectionto jet
noise.

LewisFlightfiopul.sionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,June6,1955
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